""In childhood people depend for their very life on the natal family; in adulthood, they are responsible for the well-being of spouses and children and for pursing the interests and position of the marital family. For the brief period of adolescence, they are neither so dependent as they were nor so responsible as they will be. It is then that peer relationship can take on an intensity of attachment that they will lack at other stages in the life cycle..." − ([@bib0520] Schlegel & Barry III, 1991, p. 68)"

1. Introduction {#sec0005}
===============

Neurodevelopmental models have identified the onset of adolescence, marked by the biological transition into puberty, as a time of profound changes in motivation, cognition, behavior, and social relationships. These models have helped to identify the peripubertal time as a sensitive period of learning, particularly the social and emotional learning necessary to navigate new social contexts and process emerging self-relevant emotions ([@bib0585], [@bib0105]). However, despite the emergence of many excellent models highlighting the importance of puberty for neural development and new, adaptive learning (e.g. ([@bib0035], [@bib0045], [@bib0105], [@bib0225], [@bib0325], [@bib0445]), these models give limited consideration to the importance of adolescence as a sensitive period for romantic and sexual development. In the few cases when romance and sexuality are considered in these developmental models, they tend to emphasize sexual development as negative risk behavior (i.e., a risk-framework of sexual behavior) ([@bib0160], [@bib0230], [@bib0325], [@bib0610]). Although we acknowledge the importance of considering negative developmental trajectories related to risky or reckless sexual behavior, it is equally important to consider the normative, healthy aspects of sexual and romantic development, and the neurodevelopmental underpinnings of learning about romantic and sexual behavior.

Studies using a sexual risk framework have helped to identify some of the underlying neural correlates associated with health-harming sexual decision-making, but, unfortunately, these studies have done little to expand our understanding of normative sexual development trajectories. For example, among sexually active older adolescents (15--17 years old), self-reported sexual risk taking negatively correlated with activation of the prefrontal cortex (PFC) during a laboratory response inhibition task ([@bib0230]). Similarly, in a study of 14--15 year-old young women, making a high-risk sexual decision on a laboratory task was associated with activation in the anterior cingulate ([@bib0300]). These studies suggest that individuals with increased cognitive control during response inhibition and less activation in the anterior cingulate may make more responsible sexual decisions, but do little to enhance our understanding of normative developmental trajectories. Moving beyond a risk framework in neurodevelopmental research is essential for identifying neural processes associated with positive romantic and sexual development.

Beyond the handful of neurodevelopmental studies exploring sexual risk taking, there has been limited effort to explore the neural underpinnings of the normative developmental trajectory of increased interest and engagement in romantic and sexual behavior. As young people enter adolescence, one of their primary tasks is to gain knowledge and experience that will allow them to take on the social role of adults, including engaging in romantic and sexual relationships ([@bib0105]). Young people's romantic relationships, ranging from primary school crushes where two people might interact very little, to relationships that involve a significant investment of emotion, time, and energy, are often dismissed as insignificant. In fact, these relationships serve important developmental purposes, and are the primary context for young people to explore their sexual identity and gain sexual experience ([@bib0195], [@bib0200]). In hopes of gaining social status and winning the companionship of desirable partners, adolescents are highly motivated to learn how to navigate the complex social interactions involved with establishing and maintaining romantic relationships. A person's ability to engage in behaviors that facilitate intimate relationships and that create opportunities for sex and reproduction is the normative developmental outcome of puberty.

Puberty, a biological process starting in the brain, involves a cascade of hormonal changes and profound physical and physiological transformations that ultimately result in the ability to reproduce ([@bib0555], [@bib0545]). The development of some elements of adult sexuality, including changes in physical anatomy, sexual arousal, and orgasm, are well understood. Although puberty motivates mating and sexual behavior, there has been very limited research exploring the emergence of sexual behavior in adolescent humans. In contrast, pubertal research on other species includes in-depth exploration of the onset of sexual and mating behavior associated with puberty, acknowledging that the emergence of these novel behaviors requires immense coordination of developmental transitions in the brain, endocrine system, and nervous system. As such, animal researchers perceive early sexual experiences not only as behavioral outputs, but also as physiologic inputs that shape neural and hormonal function and development (e.g., [@bib0405], [@bib0410]; [@bib0645]). The dearth of knowledge about the learning and the reciprocal feedback loops involved in the onset of human mating and sexual experiences highlights important oversights in existing models of human adolescent development. At the same time, while animal models offer important insights into understanding sexual developmental trajectories, they do not expand our understanding of romantic relationships and experiences, nor do they identity developmental changes relevant to these important social milestones. Moreover, the mating framework of animal models offers solely a heterosexual framework for sexual development, and thus limits our understanding of the diversity and fluidity of attraction, behavior, and identity present in human sexuality.

The animal literature serves as a critical reminder of the biological purpose of puberty and the reciprocal feedback loops involved in romantic and sexual experiences, which have been largely ignored in models of human adolescent development. In addition, animal models and limited human research have done little to explore how puberty shapes the opportunities for learning about the *meaning* of romantic and sexual behaviors ([@bib0185]). On one hand, a basic capacity for procreative behavior can be achieved with relatively little skill, knowledge or experience; on the other hand, from an evolutionary perspective, social competition in attracting a mate and success in coupling relies heavily on mastery of a complex set of social and emotional skills and behaviors. The learning relevant to acquiring the skills and knowledge necessary to navigate the intertwined social and sexual motivations emerging with puberty is core to the normative trajectory of social, affective, and cognitive development in humans. Therefore, pubertal maturation (and the natural increase in social motivations including interest in sexual and romantic behavior) is likely to represent a normative window of learning---not simply about the mechanical aspects of sexual behavior, but also about the complex emotional and social cognitive processes that are part of navigating the charged, high-intensity emotions involved in developing an identity as a sexual being.

In this paper, we explore how cognitive and social-affective development occurring at puberty creates a unique window of opportunity for adolescents to engage in developmentally appropriate learning opportunities relevant to navigating romantic and sexual experiences. We propose that changes in underlying neural circuitry associated with social and emotional processing may open a second developmental window (following the one in early childhood) for learning about love and attachment relationships. We further hypothesize that these learning processes begin with the pubertal physical and neurobiological transitions that influence motivation, yet are highly dependent on context and interpersonal relationships during this time. Next, drawing on both animal and human research, we will review how the hormonal, neural, and biological transitions at puberty prime young people to engage in romantic and sexual behavior. Finally, we highlight some important, outstanding questions about the developmental trajectories of romantic and sexual behaviors and relationships, including how development is impacted by the social elongation of adolescence, which has increasingly uncoupled sexual maturity from cultural definitions of adulthood. Throughout the paper, we also identify opportunities for researchers to explore a number of unanswered questions. The ultimate goal of this paper is to broaden the research base and the dialogue about adolescent romantic and sexual development, in hopes of strengthening the potential for neuroscience research to be used to improve these critical trajectories.

2. Expecting to learn about love, bonding and romantic attachment {#sec0010}
=================================================================

Many neurodevelopmental models highlight that the neuroplasticity occurring at puberty opens sensitive windows in the brain, which prime the individual for unique types of learning ([@bib0105]). In its broadest usage, the term **neuroplasticity** includes a wide range of synaptic and non-synaptic processes that underpin the brain's capacity to instantiate learning, along with the concept of 'sensitive windows' for specialized learning. [@bib0240] early childhood 'experience-expectant framework' proposes that the infant brain expects specific types of learning, which naturally motivates them to engage in repeated practice and mastery of learning experiences (e.g. walking). These learning experiences, in turn, contributes to critical neural development ([@bib0240]). Recent research into the molecular processes and mechanisms of neuroplasticity has progressed rapidly and highlighted that adolescent brain development, beginning with the onset of puberty, may represent a unique combination of stability and plasticity. This combination creates an important window of opportunity for learning and experience to shape developing neural networks in enduring ways ([@bib0295], [@bib0575], [@bib0625]).

The onset of puberty seems to re-orient greater attention and salience toward social and emotional information-processing streams, which are particularly relevant to interest in romantic relationships and sexual behavior ([@bib0110], [@bib0395]). More specifically, puberty leads to the development of novel social behaviors and responses to newly emerging social contexts ([@bib0060]). At the same time that young people begin to spend increasingly more time with their peers, they experience new, sexualized feelings of attraction that motivate relationship-facilitating behaviors. Given that the biological purpose of puberty is to achieve reproductive maturity, it makes sense that the balance between plasticity and stability in the unique peripubertal neural system would create a window of opportunity for learning and motivation relevant to romantic and sexual behavior. Consider the skills that an adolescent must learn in this domain, including coping with emotions related to finding someone attractive, building communication skills in order to ask someone out on a date, experiencing sexual arousal with a stranger, navigating the social consequences of dating someone more or less popular, coping with rejection or break up, and balancing the biological desire to have sexual experiences with the complex emotions associated with maintaining a romantic relationship. The wide range of early romantic and sexual experiences likely shapes developing neural networks in enduring ways to support lifelong romantic and sexual trajectories.

One of the most important transitions occurring during puberty is the motivation and desire to engage in romantic love. Whereas infants learn early in life the value of stable attachment and parental love, it is not until after the onset of the pubertal transition that young people become interested in romantic love. Romantic love has been conceptualized as an important attachment process, and adults' romantic attachment styles frequently mirror the styles they experienced with their parents as infants ([@bib0290]). In addition, both romantic love and parental love facilitate bond formation, and make the formation and maintenance of these bonds positive and rewarding experiences ([@bib0020]). Despite significant overlap in the purpose, qualities, neurohormone binding sites, and neural correlates between parental and romantic love, there are also important distinctions ([@bib0020]). Both parental and romantic love facilitate nurturing, sensitive, responsive caretaking, but romantic love also includes distinct components, such as reciprocal power sharing and sexual desire. We propose that the hormonal changes associated with puberty contribute to neural transitions that prime the brain to learn about this new type of love, in order to facilitate mating, childbearing, and childcare.

Although it has been established that many of the neural systems involved in romantic love and sex undergo significant structural, connectivity, and functional transformation during puberty, little is known about how this intersects with a normative romantic and sexual developmental trajectory. Integrating what is known about the neural underpinnings of romantic love and sexual desire/arousal in adults with the literature on pubertal neurodevelopment points to some intriguing questions. While it is beyond the scope of this paper to summarize this body of literature, adolescent neurodevelopmental models have clearly demonstrated significant sex-specific restructuring of the brain during puberty ([@bib0125], [@bib0220]). Despite sex differences in these trajectories, all adolescent brains are sensitized to reward learning ([@bib0210]). By activating dopamine-rich, reward processing and motivational systems, both romantic love and sex are goal-oriented motivations accompanied by strong emotional responses ([@bib0015], [@bib0180]). Beginning with puberty, the developmental transitions in brain networks involved in motivation, reward, and social-emotional processing likely create a unique inflection point for romantic love and sexual arousal to be experienced as positive rewards.

Both love and sexual desire are dopamenergically-mediated motivation states that can globally affect cognition ([@bib0130]). Given the developmental transitions that occur during adolescence related to emotional processing and cognitive control, it has been proposed that adolescence is an opportune time to explore the cognitions and emotions associated with romantic relationships ([@bib0095]). These new motivational states significantly increase in salience at the same time that youth develop an increased capacity for self-regulation of other appetitive behaviors ([@bib0185]). It therefore makes sense that physical maturation is accompanied by increased neural plasticity and a heightened motivation to seek out a range of highly arousing, slightly scary, highly rewarding, novel experiences, and that increases in sensation seeking make adolescents more likely to find these high-intensity experiences, such as having a first crush or engaging in a first kiss, enjoyable ([@bib0560]). The co-release of dopamine and oxytocin associated with repeated interactions with a specific partner contributes to additional reward-driven learning about romantic behaviors. Once a young person has a crush and begins to build a relationship with someone, they develop a conditioned partner response in which the dopaminergic reward is expected and experienced greatest with that specific bonded partner ([@bib0365], [@bib0420]). As with all learning, partner preference takes time, as well as repeated experience, to develop. Once this partner-specific response has been established, engaging in arousing, novel activities creates enhanced experiences of relationship satisfaction among couples ([@bib0010]). Because of the neural development occurring with puberty, a partner-specific response in early romantic relationships, when both the emotional and physical intimacies are novel, makes them particularly exciting, rewarding, and satisfying. In order to engage in romantic and sexual relationships successfully, adolescents need to want, like, approach, and learn from the high-stakes activities of asking someone out on a first date, falling in love, experiencing a broken heart, and trying again.

Romantic love involves increased activation in dopamine-rich subcortical regions associated with processing emotion, rewards, and motivation; in the higher-order cortical brain regions associated with social cognition and self-representation; and decreased activation in the amygdala ([@bib0420]). Although sexual desire/arousal and love involve many overlapping areas of activation, particularly in the subcortical regions, there are also distinct areas of activation. For example, romantic love, both while someone is actively in love *and* after they have experienced rejection from a break-up, but not sexual arousal, involves ventral tegmental activation (generally associated with pleasure, focused attention, and motivation to pursue rewards), whereas sexual arousal, but not love, involves ventral striatal activation (associated with motivation and predictive reward value) ([@bib0180], [@bib0130]). Due to limitations in developing tasks appropriate for the scanner, neuroimaging research has not successfully distinguished sexual desire---a cognitively-mediated motivation state to pursue sexual activity---from sexual arousal---a physiological state of sexual readiness ([@bib0130]). Most laboratory paradigms use sexual stimuli of strangers rather than loved ones, and thus likely better represent arousal than desire, but this remains unclear. Research on the developmental trajectory of love in the human brain is incredibly limited. Puberty offers a unique developmental inflection point when romantic love emerges. Uncovering the neural developmental trajectories that contribute to the emergence of romantic love and sexual arousal could help to expand our understanding of these motivational states. In addition, research that helps to unpack how neurodevelopmental transitions occurring at puberty interact with early experiences of desire, romantic love, and sex would greatly increase our understanding of how the inflection point of puberty creates a unique developmental window for learning about these complex social activities.

As with any important learning experience, young people benefit from having supports and scaffolding to facilitate positive trajectories. We need a better understanding of the contexts and conditions that contribute to positive learning experiences relevant to sexual development, as well as those that minimize the risks of negative trajectories. Just as we understand the importance of providing a safe environment for toddlers who are learning to walk (and falling repeatedly), we can pose questions about the corollary environments that help youth to explore and experiment with their powerful desires and feelings, while developing the skills for dealing with these feelings and integrating them into their self-identity. Developmental science can give important insights about the types of scaffolding that can best support healthy versions of these high-intensity learning experiences for all young people, including those who are experiencing their first feelings of desire, attraction, or arousal, and those who are already dating and/or sexually active.

3. Pubertal hormones, neurodevelopment, and behavior {#sec0015}
====================================================

Hormonal increases are a cornerstone of the pubertal transition. The same hormones that contribute to the developmental of the secondary sex characteristics also play a critical role in reorganizing neural circuitry ([@bib0530], [@bib0555], [@bib0550]). As a result, adolescents experience greater motivation to seek out rewards, enhanced experience of rewards, and increased motivation to engage in social relationships---including romantic and sexual behavior ([@bib0105]). Additionally, pubertal hormones might contribute to the increase in sensation-seeking that makes the high-intensity novel feelings more appealing. Beyond gonadal hormones, a number of other hormones and neurotransmitters are activated or enhanced during puberty, and are involved in how people experience romantic love, including oxytocin, vasopressin, dopamine, serotonin, and cortisol ([@bib0120]). For instance, as increases in pubertal hormones enhance socially-motivated behavior and feelings of desire, increases in dopamine and oxytocin augment feelings of love and connection ([@bib0365]). Collectively, these changes in hormones and neurotransmitters create an ideal physiological climate for fostering young people's interest in learning about romantic love and sexual attraction. Below, we review, more specifically, results on how two key pubertal hormones -- testosterone and estradiol -- contribute to the sexual and romantic development in adolescence.

3.1. Testosterone {#sec0020}
-----------------

Testosterone has been associated with changes in social information processing, reward sensitivity, and sensation seeking during puberty. Often thought of in relation to aggression, testosterone has also been described as a social hormone, motivating status-seeking and status-maintenance behaviors through a number of diverse mechanisms, including changes in fear processing, stress response, threat vigilance, and reward from increasing social status ([@bib0145]). Pubertal increases in testosterone have been associated with changes in neural activation to threat cues in the amygdala (associated with threat avoidance) and the nucleus accumbens (associated with reward processing) ([@bib0560]). In addition, increased testosterone has been associated with increased risk-taking on laboratory tasks among both boys and girls ([@bib0415], [@bib0445]). The nucleus accumbens and amygdala, which are social information-processing brain networks that are extensively reorganized during puberty, have large populations of testosterone receptors ([@bib0390]). These testosterone-related processes all likely influence changes in romantic and sexual behavior during adolescence. Consistent with the idea that adolescence is a sensitive period for the behavioral effects of gonadal hormones, animal models suggest that the behavioral response to gonadal hormones differs between pre- and post-pubertal animals. Unlike the pre-pubertal brain, the post-pubertal brain is primed for steroid hormones to activate reproductive behavior ([@bib0550]).

There has been extensive research into the neurodevelopmental trajectories of sexual and mating behavior in male mammals. For instance, in male Syrian hamsters, it is well-established how pubertal hormones influence the structure and function of neural circuits that integrate steroidal and sensory information, and how these changing neural circuits alter the way males respond to social stimuli and engage in mating behaviors ([@bib0480]). Furthermore, research in nonhuman primates has identified that, distinct from most mammalian species, gonadal hormones in primates primarily influence sexual *motivation*, rather than *ability* to copulate ([@bib0615]). Because the effects of gonadal hormones are specific to stimulating sexual motivation, this line of research suggests that shifts in social experience and context are critical influencers of learning about sexual behavior ([@bib0615]). Nonhuman primate research has also illustrated the importance of the learning component associated with puberty and sexual experience. Although undergoing endocrine puberty and the associated increase in testosterone results in increased sexual behavior, the experience of successful coupling---ejaculating during intercourse with a female---is the best predictor of future sexual behavior independent of elevated testosterone ([@bib0615]). Even males who have not experienced endocrine puberty increase their sexual behavior following successful sexual experiences. Collectively, the animal research highlights the importance of learning experiences that occur in tandem with the hormonal transition, and suggests new questions for research in humans regarding how hormonal, neurodevelopmental, learning, and contextual changes in adolescence shape the development of sexual behavior and sexual relationships during adolescence.

In humans, whether or not increases in testosterone during puberty directly affect individual differences in sexual motivations and behavior is less clear. Higher testosterone modestly correlates with increased sexual fantasies in pubertal boys, but the effect disappears in models that include onset of spontaneous nocturnal ejaculations and age ([@bib0075]). Increasing testosterone in pre-pubertal boys seems to be associated with increased sexual behavior, including touching others and nocturnal emissions ([@bib0175]). In cross-sectional studies, independent of pubertal stage and age, girls and boys with higher levels of testosterone are more likely to engage in sexual intercourse ([@bib0260], [@bib0265]). In contrast, in longitudinal studies, individual changes in testosterone are associated with sexual debut (first sexual intercourse) for girls, but not for boys ([@bib0260]). For boys, pubertal stage is more strongly associated with sexual debut than testosterone ([@bib0255]). These findings highlight the difficulty of disentangling the biologically-mediated effects of gonadal hormones from the socially-mediated effects of bodily changes. For boys, the physical capacity to produce gametes and reproduce occurs relatively early in the pubertal transition, although few boys engage in sexual behavior during that time. Over the course of puberty, testosterone levels increase, boys become taller and more muscular, their voices deepen and their facial hair thickens. These secondary sex characteristics, which are readily apparent and may be seen as attractive or desirable by potential sex partners, may contribute more substantially to a boy's chances of experiencing sexual intercourse than reproductive capacity or the neurodevelopmental changes in motivation associated with testosterone *per se* ([@bib0255]). Thus, despite the fact that increases in testosterone are associated with increases in socially-motivated, goal-oriented behavior, they do not automatically translate into increased sexual behavior or activity.

Results from studies that have attempted to unpack the relationship between testosterone and sexual behavior in adults further complicate the picture. For example, studies with young adult men have found that being in a committed romantic relationship is associated with more frequent sexual intercourse and simultaneous *declines* in testosterone ([@bib0065], [@bib0235]). Among adult women, *endogenous* testosterone does *not* show significant correlations with sexual behavior ([@bib0490]), but *exogenous* testosterone treatment in women has been found to increase sexual desire, sexual activity, and sexual self-image ([@bib0070], [@bib0115], [@bib0540]). Both these data suggest that the association between testosterone and sexual behavior may depend heavily on developmental stage, as well as on relationship context.

What we know about testosterone and sexual behavior collectively suggests that there may be some threshold effect for testosterone that leads to the possibility of engaging in sexual intercourse, but no linear relationship between testosterone and subsequent sexual experience. Given the developmental transitions in neural regions with high volumes of testosterone receptors and the increases in testosterone during puberty, we still have much to learn about the relationship between testosterone and romantic and sexual behavior in humans. More nuanced exploration of the relationship between testosterone, sensation seeking, pubertal development and factors associated with learning about sexual behavior, would help clarify the contributions of the biological versus social components that contribute to sexual debut and subsequent sexual activity. In particular, longitudinal studies that can delineate changes in secondary sex characteristics from changes in gonadal hormones can be helpful in identifying specific hormonal mechanisms (Harden, Kretsch, Moore, & [@bib0375]).

3.2. Estradiol {#sec0025}
--------------

In addition to testosterone, increases in estradiol and progesterone contribute to remodeling and activation of neural circuitry for both males and females during puberty. Both estradiol and progesterone have been found to play important roles in sexual, social, and risk-taking behavior ([@bib0485], [@bib0570], [@bib0605]). Compared to other hormones, among girls, estradiol has the strongest correlation to breast development, a very early sign of puberty ([@bib0135]). In contrast to boys (and all other primates) who begin producing gametes before looking sexual mature, human girls develop secondary sex characteristics well before achieving full reproductive capacity. This results in pubertal girls being socially perceived as sexually attractive and desirable before they are reproductively mature or experiencing the neurodevelopmental changes in motivation associated with testosterone. The evolutionary purpose of this divergence is not well understood, but point to the importance of understanding the role of estradiol and progesterone in female sexual behavior.

Limited research has explored the relationship between female hormones in pubertal brain development, sexual behavior, and risk-taking. Among pubertal girls, increased estradiol levels have been associated with increased white matter growth and decreased pubertal grey matter pruning ([@bib0305]). Limited functional neuroimaging research has associated estrogen with risk taking in adolescent girls ([@bib0600]). The majority of neurodevelopmental studies in humans have identified testosterone, rather than estradiol, as the hormone most correlated with striatal activity related to risk-taking and social motivation in females ([@bib0415], [@bib0445], [@bib0455]). Primate studies, on the other hand, suggest that estrogen and progesterone, rather than testosterone, are associated with changes in female sexual behavior, and that the relationship between hormones and behavior is dependent on social context ([@bib0615]). Tests of this model in humans, also suggest that estradiol is associated with increases in sexual desire and progesterone is associated with declines ([@bib0615]). In addition, exposing pre-pubertal girls to increased estrogen results in increased kissing and necking behavior ([@bib0175]). Although the overwhelming majority of girls choose not to engage in sexual behavior during puberty, understanding the brain, hormone, behavior transitions occurring during this sensitive window may increase our understanding of factors that lead to different behavioral outcomes.

4. Social context {#sec0030}
=================

The influence of pubertal hormones does not occur in a vacuum. Many of the individual differences in when youth engage in romantic relationships are aligned with pubertal timing, yet social and cultural factors also play a critical role in framing the sexuality of youth ([@bib0095]). For example, in one study, the association between testosterone and experiencing first sexual intercourse was statistically mediated by less frequent attendance at religious services. This study points to the potential power of environment-behavior-development feedback loops and the importance of social institutions as adolescents are experiencing neurohormonal changes ([@bib0260]). At the same time, attendance at religious services is known to be inversely associated with sensation seeking personality traits ([@bib0205]), which have been linked in other work with differences in testosterone and estrogen levels ([@bib0080], [@bib0475]) (although this link is not consistent across all studies e.g. [@bib0495]). Therefore, the extent to which the effects of testosterone are truly driven by changes in social experience, versus driven by changes in motivation, is ambiguous. This further underscores our earlier point: Disentangling the different strands of hormonal, motivational, and social change during puberty is highly challenging methodologically. Nevertheless, additional research focused on identifying which environmental factors can most effectively mediate and moderate the behavioral sequelae of neurohormonal development is needed. Given the transitions occurring in a number of neural systems associated with social processing and motivation during puberty, and the fact that romantic and sexual relationships are social phenomena, it is important to understand how social and contextual factors influence brain structure, brain function, and how these neural changes mediate social effects on learning and behavior.

4.1. Parents {#sec0035}
------------

Parents play a key role in providing support and information about romantic and sexual behavior. The quality of parent-child relationships affects both sexual behavior and neural development and activation, specifically in the amygdala, which has been associated with reward processing ([@bib0155]), emotional processing ([@bib0635]), and fear response ([@bib0355]). The quality of maternal relationships in early adolescence has also been associated with changes in the trajectory of brain maturation. Specifically, more positive relationships between mothers and early adolescents have been associated with decreased volumetric growth of the amygdala ([@bib0640]). These results suggest that maternal relationships may influence brain development trajectories associated with behavior regulation.

The functional role that parental presence has on brain activation also shifts in adolescence. Both children and adolescents have high amygdala reactivity to their mothers' faces, but amygdala reactivity to the faces of strangers declines from childhood to adolescence. These results suggest that, while positive maternal response remains constant, fear of, and anxiety towards strangers declines across development, facilitating more social exploration ([@bib0590]). Research has also highlighted that maternal presence can buffer cortisol stress response in children, but it does not have the same buffering effect for adolescents ([@bib0315]). This suggests that mothers serve to buffer stress for younger children, and as children follow the normal trajectory of development into adolescence, accompanied by declining fear and anxiety about novel people and situations and increased exploration, the physiological effect of parental presence shifts.

Complementing neuroscience research on parent-child relationships, behavioral research has found that positive parent-adolescent relationships are associated with decreased intention to have sex and later age at first sexual intercourse ([@bib0595]), and adolescents who perceive their parents to be caring have delayed first sex ([@bib0360]). Youth who report having positive relationships and open communication with their parents also have less sexual experience, increased condom use ([@bib0435]), later sexual debut ([@bib0470]), fewer unintended teen pregnancies ([@bib0380]) and fewer sexual partners ([@bib0335], [@bib0345]).

Despite the fact that the transition into adolescence is usually accompanied by more autonomy and less parental monitoring, this neuroscience and behavioral research highlights the need for parents not to pull back from parenting during adolescence, but instead shift from providing basic emotional support to providing more constructive support and scaffolding to facilitate the next stage of development. Unfortunately, few resources exist to support parents into caring for adolescents and even fewer resources prepare them for the transition into young adulthood.

4.2. Peers {#sec0040}
----------

Peers have also been demonstrated to influence adolescents' decisions about sexual behavior ([@bib0090], [@bib0270], [@bib0565]). Some research has demonstrated that the presence of peers, or even the suggested presence of peers, increases activation of adolescents' neural reward circuitry, specifically the ventral striatum (VS), and risk-taking behavior in a way that does not occur for children or adults ([@bib0085], [@bib0580]). One interpretation of this could suggest that adolescents are uniquely vulnerable to take risks in the presence of peers, however, understanding the relationship between increased VS activation and risk taking behavior is far from straight forward. Some studies have found increased VS activation to be associated with increased risk taking on laboratory tasks in the presence of peers ([@bib0085]), while other studies have not replicated this result ([@bib0440]). Instead these studies have found activation in the temporal parietal junction, an area of the brain involved in self-other metalizing, to mediate the relationship between adolescents' increased risk taking and their ability to resist peer influence, specifically after experiencing social exclusion ([@bib0440]). To further complicate things, other studies have found that increased VS activation during the processing of emotional faces, specifically happy and sad expressions, have been associated with *increased* self-reported resistance to peer influence ([@bib0460]). Collectively, this research suggests that the affective and social context of peer presence may lead to differences in neural activation and to differences in behavior. The transitions occurring in social and affective neural processing systems are priming young people to be open to and enjoy the novel social experiences associated with romantic and sexual relationships. Both platonic and romantic peers influence adolescent sexual behavior and adolescents' decisions to engage in romantic and sexual relationships ([@bib0005], [@bib0025], [@bib0100], [@bib0340], [@bib0465]). In addition, sexual activity is strongly peer-mediated; having sexually active platonic peers is associated with earlier first sexual intercourse, more frequent sexual activity, and more sexual partners ([@bib0005], [@bib0200], [@bib0510]).

4.3. Media {#sec0045}
----------

In addition to social relationships "in real life," traditional media and social media may also shape sexual behavior. Messages about sexuality and romantic relationships are persistent throughout the media. Over 70% of television programing contains some type of sexual content or dialogue ([@bib0350]). Depending on the context and population, between 23 and 95% of 10--19-year-olds report having ever viewed online pornography, and between 28 and 84% reported that the exposure was unwanted or unintentional ([@bib0450]; [@bib0650]). Mass media has been identified as a "sexual super peer" having significant social influence, particularly for girls who experience puberty earlier than their peers ([@bib0055]).

Despite this significant exposure to sexual content and messages throughout adolescence, little is known about the effect of sexual content on brain development. More generally, media content has been found to impact neural functioning. For example, limited exposure to violent media among adolescents has been found to affect the developmental trajectories of frontal inhibitory systems and subcortical limbic structures, as well as the connectivity between them, and may have some effect on violent behavior ([@bib0320], [@bib0330]). Although we are not aware of any imaging research that has been conducted specifically on sexual media, it is highly probable that sexual and romantic images, abundant in everything from general media to pornography, also likely affect neural development and behavior. At the same time, individual differences in neurodevelopment may shape exposure to sexual media. For example, more advanced pubertal young men with high sensation seeking tendencies are most likely to seek out online pornography intentionally, and there is a strong association between increased pornography exposure and less restrictive sexual attitudes ([@bib0450]).

Developmental science offers strategies to expand our understanding of the impact of the media on neural development and sexual behavior. Developmental adaptations of innovative communications neuroscience research (e.g. [@bib0170], [@bib0165]) coupled with behavioral research could help us better understand the neural activation associated with adolescents viewing different types of romantic and sexual media and better understand the types of affective learning experiences resulting from these media contexts. Applying a developmental framework to communications neuroscience could help inform the development of positive romantic and sexual media messages and increase our understanding of the potential negative trajectories associated with viewing more harmful messages. In the age of increased access to a wide range of romantic and sexual media content and the rapid emergence of virtual reality pornography, the need for these insights is urgent. Given that adolescence is a critical period of romantic and sexual identity development, we need a better understanding of the relationship between neurodevelopment, exposure to the romantic and sexual media, and subsequent behavioral trajectories.

5. Promising translational opportunities for developmental neuroscience {#sec0050}
=======================================================================

As highlighted above, there are many opportunities for neuroscientists to expand our understanding of the normative trajectory of adolescent romantic and sexual development. Beyond expanding our understanding of the normative developmental trajectories, there are specific ways in which understanding the underlying neural trajectories could inform policies and practices aiming to improve adolescent sexual and reproductive health outcomes. The period defined as adolescence continues to elongate across the globe, and understanding the effect of this elongation on neural development could contribute significantly to our understanding of the costs and benefits associated with this phenomenon. Similarly, expanding our understanding of the intersection between puberty, adolescent brain development, and sexual behavior could inform innovation, policies and practices aiming to support and improve these trajectories. Three examples of these opportunities are reviewed below.

5.1. Example 1: extended adolescence {#sec0055}
------------------------------------

Among humans, adolescence is a socially constructed period beginning with the hormonal, psychological, and physical changes occurring with puberty. The end of adolescence is much less clearly defined. Many of the features of adolescence are socially constructed, but, across species, it is observed as a "time of preparation for adult reproductive life," spanning the period between achieving physical readiness to engage in sexual activity and having social permission to reproduce ([@bib0525]) . Across primate species, young adolescents engage in mating and sexual behavior but rarely produce offspring ([@bib0525]). In humans, the length and experiences associated with adolescence can vary widely; nevertheless, the period, characterized by increasing autonomy, but free of the full array adult responsibilities, is culturally universal ([@bib0525]).

Today's youth face an especially protracted period between when they are physiologically capable of reproduction and when reproduction is socially and personally desirable. In countries across the globe, the age of puberty has continued to decline ([@bib0430], [@bib0505]). For girls, this has been measured primarily by decline in menarcheal age. As menarche occurs rather late in the pubertal cascade, this metric may underestimate the extent of historical declines in the average age at pubertal onset. The average age of the most common early physical sign of puberty among girls, breast budding, has declined more rapidly than age at menarche, and as a result, girls are spending longer amounts of time in the pubertal transition ([@bib0375]). Interestingly, the decrease in age of onset of breast development has not been clearly associated with early increases in the sex hormones associated with puberty, including gonadotropins and estrogen ([@bib0505]). In contrast, declines in the early physical sign of puberty for boys---primarily testicular growth--- have been paralleled by secular shifts in hormones associated with puberty ([@bib0505]). The difference in the developmental trends between boys and girls is not well understood, but it highlights the importance of understanding the impact of these different trends on pubertal neural development, both within and between sexes. For both sexes, there is a clear declining trend in the age when humans are biologically capable of reproduction. Given that some brain development trajectories are closely tied to changes in pubertal hormones, it is likely (although an outstanding empirical question) that neural developmental changes associated with puberty have also begun to trend earlier.

At the same time that the age of reproductive capacity has declined, the age at which it is socially desirable for young people to bear children has continued to increase. The age at which young women in higher resourced countries first bear children has significantly increased over the past 40 years, and this trend is now beginning in many lower and mid-resourced countries as well ([@bib0030], [@bib0040], [@bib0370], [@bib0535], [@bib0630]). Today, across the globe, the mean age of women at their first birth ranges from 20.9 years old in sub-Saharan Africa, to 25 years old in the US ([@bib0040], [@bib0370]).

Until recently, social acceptance of reproduction has been highly correlated with marriage, and the first child was often born within the first few years of marriage. This trend has also experienced disruption in recent years. First, even more sharply than the age of first birth, the age of marriage---highly correlated with socioeconomic and demographic variables---has increased for both men and women across the globe ([@bib0630]). Second, particularly in higher resourced countries, there has been a trend towards uncoupling marriage and childbearing, with more births occurring outside of legal marriages, fewer marriages as a result of premarital conception, *and* married couples waiting longer after marriage for childbearing ([@bib0150], [@bib0285]). There is also an increasing number of people who go through the biological transition of puberty but never engage in marriage or parenting, and yet still have fulfilling romantic and sexual lives. Together these trends highlight the importance of gaining a better understanding about the intersection of social, cultural, and biological factors that influence normative trajectories of romantic and sexual development. This points to a wide range of yet unexplored empirical questions about how physical and neural development interact with contextual factors to shape and influence romantic and sexual behavior.

The secular trends of early puberty and later childbearing provide great opportunities for young people to have a longer period for increased maturation, educational attainment, and stabilization prior to assuming the full scope of adult roles and responsibilities. At the same time, many individuals now spend a decade or more of their lives feeling biologically, physiologically, and motivationally primed to engage in romantic and sexual relationships outside of the context of reproduction. As such, we need to better understand the behavioral outcomes and neural developmental underpinnings of the motivations associated with early romantic love and sexual experiences, in order to provide young people supports and scaffolding that facilitate positive trajectories.

5.2. Example 2: contraception innovation {#sec0060}
----------------------------------------

Over the course of the teen years, the majority of young people become sexually active. Globally, the average age of sexual debut ranges from 16.5 to 24.5 years old for males and from 15.5 to 21.5 years old for females ([@bib0620]). In light of the fact that many young people engage in sexual intercourse before they want to parent, many young people choose contraception. Although condoms, cervical caps, diaphragms, and some intrauterine devices (IUDs) offer non-hormonal contraception, the primary methods of contraception used by adolescents include hormones. The recent global policy push to increase the use of long-acting reversible contraceptives (LARCs) among adolescents has promoted the use of some very effective non-hormonal methods, like hormone free IUDs, and has promoted increased use of IUDs, implants, and injectables containing progestin ([@bib0425]). Given the evidence that pubertal hormones influence neurodevelopment, it is important to identify if and when there could be negative implications of disrupting the normal hormonal trajectories, and specifically the potential influence on neural development, during critical developmental windows. To date, we are not aware of any published data exploring these effects.

Despite an array of other options and the promotion of LARCs, combined oral contraceptives (COCs), containing both estrogen and progestin, remain one of the most utilized contraceptive methods among young women ([@bib0425]). COCs, which are highly effective for preventing pregnancy when used correctly, have been found to significantly suppress both free and total testosterone levels by up to 50% in adult women ([@bib0660]). This suppression of testosterone has been thought to be the underlying source of complaints associated with COCs, including diminished well-being and quality of life, reduced libido, cognitive disruptions, and decreased bone mass ([@bib0660]). Although women on COCs have overall lower testosterone levels, additional research has suggested that the *change* in testosterone when women are engaged in a competitive tasks remains constant despite COC use ([@bib0140]). Once again, this suggests interesting empirical questions about how COC use could affect testosterone levels in young women who are in the midst of the developmental testosterone increase associated with puberty ([@bib0045]).

In addition to the adverse effects reported by adult women, there are additional potential adverse effects of testosterone reduction during adolescence. Given that testosterone has been shown to motivate increased interest in arousing experiences, inhibiting testosterone levels during the peripubertal or adolescent period may diminish motivation to engage in a range of prosocial risk-taking behaviors that support positive developmental trajectories. It is also equally possible that inhibiting testosterone will not limit positive or negative risk taking, for although overall testosterone levels may be suppressed in young women taking COCs, their testosterone *responses* to stimuli may remain constant. Understanding the impact of testosterone suppression in adolescence on neural development would be essential to help better understand the mechanisms that may contribute to either of these potential trajectories. Furthermore, insights into the implications of chronic suppression of testosterone, in concert with the hormonal orchestration of puberty, may also help to bolster innovation as pharmaceutical companies develop new contraceptive methods. This is a place where animal neurodevelopmental models may offer important insights that can be later tested in humans. We do want to state explicitly that our goal is not to introduce new barriers to young women seeking reliable contraception, but instead propose that having more information about the interaction between hormonal contraceptives and neurodevelopmental trajectories would help increase the safety, efficacy and impact of contraceptives for young women.

5.3. Example 3: childbearing and parenting {#sec0065}
------------------------------------------

The global trend towards later childbearing has been a positive trajectory, as there is clear consensus that very early childbearing, before age 15, has detrimental effects on the health, socioeconomic, educational and social outcomes of both mothers and infants ([@bib0050], [@bib0215], [@bib0310], [@bib0050]). Despite this knowledge on outcomes, we have very little insight into the neural developmental impacts of early childbearing. For over 100 years, we have understood that pregnancy, childbearing, lactation, and parenting involve a precise sequence of hormonal transitions. Pregnancy involves dramatic increases in human chorionic gonadotropin (HCG), estrogen, and progesterone. Labor follows a continued increase in placental production of estrogen and progesterone coupled with increases in oxytocin, endorphins, and prolactin. In contrast, lactation involves a rapid and severe drop-off in gonadal hormones and increase in prolactin ([@bib0500]). Rodent models illustrate that the voluntary, proactive, appetitive aspects of maternal behavior, including seeking out and retrieving pups, are highly linked to the effect of pregnancy hormones stimulating the development and activation of the mesolimbic dopamine system ([@bib0400]). This highlights how although primarily associated with rewards, the dopamine response systems are also important for learning about parenting. In an attempt to bridge from animal to human models, Moses-Kolko and colleagues tested, but were unable to find, that motherhood affected ventral striatal response in expectation of a financial reward ([@bib0385]). The lack of replicability points to the importance of developing ecologically valid paradigms to test hypothesis about the impact of pregnancy on brain development trajectories, as financial reward is distinctly different from the social and emotional reward associated with nurturing an infant. Women of all ages describe a range of physical and cognitive changes associated with the hormonal transitions associated with childbearing, but little is known about how experiencing these hormonal events during the pubertal transition, or closely following it, affects neurodevelopmental trajectories.

Understanding the impact of delayed childbearing is equally as important as understanding the impact of early childbearing. Neural flexibility, defined as the extent to which cognitive control and social and affective motivation systems are engaged and activated under different circumstances, has been found to persist into the third decade of life ([@bib0105]). Up until very recently in human history, it is during this time that the majority of individuals engaged in mating, bonding, and parenting activities. The recent trend to delay parenting, often well into the fourth decade of life, presents some intriguing questions about the interactions between biology and experience in influencing neural development. In addition, the increasing separation between the onset of reproductive maturity and first childbearing creates opportunities for both boys and girls to have an extended period when they have expanded autonomy and independence to pursue education and other life goals. It also minimizes the need for early pair-bonding and instead fosters an opportunity for young people to explore romantic and sexual relationships with a number of different people. In higher resourced countries such as the US and Europe, the overwhelming majority of young people have romantic and sexual relationships before they commit to a single partner ([@bib0250]). Moreover, in countries where the span between puberty and childbearing has just begun to elongate, such as sub-Saharan Africa and South America, approximately 25--30% of adolescent girls engage in sex before coupling ([@bib0245]). Developmental neuroscience may help identify the different neurodevelopmental trajectories associated with young people having multiple dynamic, high intensity romantic relationships with a broad range of people, and young people who have longer, more intense relationships with just a few. It may also identify different neural trajectories among people who engage in parenting during the first three decades of life and those who delay.

In addition to women, men also experience hormonal transitions associated with mating and parenting. In the US, single adult men who are seeking romantic partners and paired men who are seeking relationships outside of their primary partners have higher testosterone levels compared to men in committed relationship and furthermore, men who are fathers, regardless of relationship status, have the lowest testosterone levels ([@bib0235]). Interestingly, this relationship trend holds in some countries, but not in others, begging important questions the causal direction and the reciprocal relationship between hormones and context ([@bib0235]). Putting a developmental frame on this research about childbearing and parenting suggests that the pace of neural maturation from adolescence to adulthood is not entirely determined by a strict ontogenetic timetable but is rather shaped by the demands of an individual's social context. As an entire generation forestalls marriage and parenthood, in some cases entirely, it would behoove us to better understand what effect this has on "typical" trajectories of neural development into the third decade of life.

6. Conclusion {#sec0070}
=============

Research, policy, and practice focused on adolescent sexual and romantic relationships are often driven more by social values and rhetoric than by science. Given that the second decade of life spans the period during which almost all young people experience puberty, and many become interested in and engage in sexual and romantic relationships, often use hormonal contraception, and possibly experience pregnancy or childbearing, research into the reciprocal relationships between these experiences, social context, and neural development would significantly expand our understanding of adolescent development, and would inform efforts to improve these trajectories. Integrated developmental science, including developmental neuroscience, offers a pathway to expand our understanding of early romantic and sexual relationships and enhance our understanding of the types of mastery experiences that support positive trajectories.

For example, developmental neuroscience offers an opportunity to identify the conditions that increase the likelihood that early romantic and sexual relationships are prosocial, health promoting behaviors, rather than risk-taking behaviors. The developmental neuroscience research on peer relationships would be strengthened by having more nuanced measures to classify peer relationships that inform our understanding of the different types of neural activation that occur in the presence of romantic versus platonic peers. Adult neuroimaging research has illuminated important distinctions in neural activation associated with different types of love, and it would be helpful to understand how that aligns with the developmental trajectory of puberty. We have limited research suggesting that the emotional experience of passionate love changes from adolescence into adulthood, and knowing more about the underlying neural mechanisms and developmental trajectories of this transition would help inform the timing and types of support and scaffolding needed. The pubertal transition also offers an exciting opportunity to explore how romantic and sexual arousal transforms peer relationships. Young people undergo a transition from relationships completely free of sexual and romantic attraction to a context where it is one of the highest priorities. As we continue to develop neurodevelopmental models that explore peer influence, developmental neuroscience is poised to provide unique insight into this social transition.

We recognize that proposing to conduct research on early adolescents' romantic and sexual relationships is not with its complexities. Parents and human subject review boards will likely have concerns about asking young people about their feelings of love, attraction and sexual arousal. It is essential to create developmentally-sensitive, validated measures to gather accurate information about the characteristics, meaning, and qualities of romantic and sexual relationships. To do this well will require careful attention, as adolescents are less likely than adults to conform to firm categories of sexual orientation or gender identity ([@bib0515], [@bib0655]). Even establishing whether a relationship is "romantic" can be challenging, particularly if adolescent partners disagree about how to categorize their relationship. As such, the high-intensity love an adolescent feels for a friend may vacillate between being platonic, romantic, and sexual, and we need measures that can accurately capture the dynamic nature of their peer relationships. We also recognize that given the complex relationship between biological sex, hormones, and neural development, there is likely a wide range of neural variability both between and within sexes relevant to romantic and sexual behavior. To address this, it will be necessary to design research robust enough to explore these differences. Despite these challenges, we believe that the benefits of these lines of inquiry make it worthwhile.

Adolescents have the cognitive capacity to navigate early romantic and sexual experiences safely, and yet they need appropriate support to do so successfully ([@bib0275], [@bib0280]). A primary goal for adolescents is to learn how to engage in and navigate romantic and sexual relationships. In addition, these early romantic relationships have important implications for identity development, learning about sexual behavior, and future relationship trajectories ([@bib0195]). Parents, clinicians, and educators can provide relevant learning opportunities in this area, but at the same time, the majority of relevant learning comes from personal experience ([@bib0190]). Better understanding the neurodevelopmental underpinnings of the developmental trajectories of romantic and sexual behaviors holds great promise for informing intervention strategies and efforts to support more positive trajectories.

Developmental neuroscience, and more comprehensively integrated developmental science, is well positioned to move adolescent sexuality from the shadowy margins of adolescent identity into the forefront of normative development. Neuroimaging has the potential to better inform our understanding if early romantic relationships are more aligned with reward or self-identity processing. Similarly, given that puberty marks the onset of romantic love, neuroimaging research during this time could help us better untangle the distinct neural underpinnings of different types of love and expand our neurodevelopmental models. In addition, developmental neuroscience has the amazing opportunity to explore whether romantic love and sexual experience is something the adolescent brain *expects* to learn about and/or how the *experience* of romantic and sexual behaviors results in differing developmental trajectories. Lastly, it can also provide us with important insights to inform advances in contraceptive technology and increase our understanding of the timing of childbearing. As we better understand the motivations and trajectories of these autonomous, high-intensity relationships in adolescence, we can transform the dialogue about the types of programs and policies we need to best scaffold them. This offers a way to enhance positive trajectories in early adolescence. Our failure to better understand adolescents' high intensity romantic and sexual relationships does not prevent them from happening. Adolescents are primed to learn about love and sex, and it would serve all of us to understand this learning process better.
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